Rust fungi are plant parasites which colonise host tissue with an intercellular mycelium that forms haustoria within living plant cells. To identify genes expressed during biotrophic growth, EST sequencing was performed with a haustorium-speciWc cDNA library from Uromyces fabae. One thousand seventeen ESTs were generated, which assembled into 530 contigs. Several of the most frequently represented sequences in the EST database were identical to the in planta induced genes (PIGs) identiWed previously (Hahn, M., Mendgen, K., 1997. Characterisation of in planta-induced rust genes isolated from a haustorium-speciWc cDNA library, Mol. Plant-Microbe Interact. 10, 427-437). Virus-encoded sequences were identiWed, providing evidence for two novel RNA mycoviruses in U. fabae. Microarray hybridisation revealed many cDNAs that were signiWcantly activated in rust-infected leaves compared to germinated uredospores. Very strong in planta expression was found for two PIGs encoding putative metallothioneins. Furthermore, several genes involved in ribosome biogenesis and translation, glycolysis, amino acid metabolism, stress response, and detoxiWcation showed an increased expression in the parasitic mycelium. These data indicate a strong shift in gene expression in rust fungi between germination and the biotrophic stage of development. 
Introduction
With more than 7000 described species, rust fungi (Uredinales, Basidiomycota) belong to the largest group of plant pathogenic fungi. Among their host plants are many important crops, such as cereal grasses, coVee, and grain legumes, which can suVer serious yield losses from rust disease. In addition to their economic importance, rust fungi are particularly interesting because of their complex life cycle and the specialised infection structures. A great number of cytological studies have revealed details about spore attachment, germination, appressorium formation over host stomata, and host invasion (reviewed by Hahn, 2000) . Within the host tissue, the dikaryotic mycelium grows with intercellular hyphae and haustorial mother cells which give rise to haustoria that develop inside living plant cells. Haustoria are believed to be essential for crucial aspects of biotrophic pathogenesis of rust fungi, such as nutrient uptake, vitamin biosynthesis, and host defense suppression (Voegele and Mendgen, 2003) . Rust fungi are known as obligate biotrophic organisms, and although one of them, Puccinia graminis f.sp. tritici, can be grown in axenic culture for a limited time (Fasters et al., 1993) , no stable transformation system is available for rust fungi. Gene cloning and expression studies have led to the isolation of an infection structurespeciWc gene in Uromyces appendiculatus (Bhairi et al., 1989) , and of several genes that show strong expression in germinated uredospores of Puccinia graminis (Liu et al., 1993) . Analysis of diVerentially expressed genes from Puccinia triticina-infected wheat leaves resulted in the isolation of several fungal genes that are activated during parasitic growth (Thara et al., 2003; Zhang et al., 2003) . A systematic approach towards the identiWcation of biotrophy-related genes has been performed with the broad bean rust Uromyces fabae. Based on a protocol for the preparative isolation of haustoria from rust-infected leaves, a haustorium-speciWc cDNA library was constructed (Hahn and Mendgen, 1992; . DiVerential screening of this library led to the identiWcation of about 30 genes (PIGs: in planta induced genes) that are up-regulated during parasitic growth, showing highest transcript levels in haustoria and rustinfected leaves. Three PIGs were found to encode nutrient transporters, which are probably involved in the uptake of hexose sugars and amino acids from the infected host cells into haustoria Struck et al., 2002; Voegele et al., 2001) . Taken together, this data supported the idea that rust haustoria perform essential metabolic functions in the parasitic mycelium, including nutrient uptake and vitamin biosynthesis (Mendgen and Hahn, 2002) .
In this paper, the analysis of about 1000 ESTs from the U. fabae haustorium cDNA library is presented. Microarray hybridisation studies revealed in planta-induced expression of a large portion of the analysed genes and provided further insights into the molecular basis of pathogenic diVerentiation in rust fungi.
Materials and methods

Sequence analysis and database search
Construction of a bacteriophage gt10 haustorium-speciWc cDNA library from U. fabae (race I 2 ) is described in . Individual plaques of the nonampliWed library, containing the cDNAs inserted as EcoRI fragments, were used for PCR ampliWcation, using the vector primers gt10R (CTTATGAGTATTTCTTCCAGGG TA) and gt10F (GAGCAAGTTCAGCCTGG). Single pass sequencing of the puriWed PCR fragments was done with primer gt10R; some clones were also sequenced with gt10F. Sequencing was performed by GATC Biotech AG (Konstanz, Germany). Assembly of individual sequences (ESTs) into overlapping contigs was done using the 'Seqman' module of the Lasergene software package (DNAstar, Madison, WI, USA). The settings for contig assembly were 12 nucleotide minimal match size and 75% minimum match. Afterwards, the contigs were manually checked to disconnect inadvertently matched sequences.
Comparisons of the ESTs with protein sequences in the public databases were performed using the gapped BlastX algorithm (Altschul et al., 1997) . Similarities were classiWed as hits indicating signiWcant homology when the expected E value was lower than 10
¡5 . In few cases, clones with interesting similarities but E values higher than 10 ¡5 were included.
Nucleic acid manipulations
Germination of U. fabae uredospores on polyethylene sheets and cultivation of Vicia faba plants were done as described . To obtain maximal density of infection, leaves were brush-inoculated with uredospores mixed with double amount of talcum. RNA isolation from germinated spores (4-6 h old) and from rustinfected V. faba leaves (6 d.p.i.) was done using the RNAeasy kit (Qiagen, Hilden, Germany). RT-PCR experiments were performed with MuLV reverse transcriptase, using oligo(dT) or a gene-speciWc oligonucleotide as a primer (MBI Fermentas, AB, Vilnius, Lithuania), followed by PCR with the cDNAs and appropriate primers in a separate tube.
DNA isolation from germinated spores was done as described . Total nucleic acids from germinated spores were isolated in the same way, except that RNase treatments were omitted. Treatments of nucleic acids with varying concentrations of RNase A were performed in 5 mM Tris-HCl, pH 8.0, and 0.5 mM EDTA, for 30 min at 37°C.
Microarray hybridisation
For microarray hybridisation, PCR ampliWed and puriWed U. fabae haustorium cDNAs were dissolved at a concentration of 300 ng/ l in 3£ SSC, and spotted in duplicate onto Nexterion slides A (SCHOTT Jenaer Glas GmbH, Jena, Germany), using a SpotArray 24 Microarray Printing System (PerkinElmer Life Sciences, Boston, USA). Printed microarrays were Wxed with a UV cross linker at 600 mJ. Double-stranded cDNA on the slides was denatured in 0.1% sodium dodecyl sulfate for 30 s, followed by boiling water for 3 min and 70% ethanol for 2 min. Hybridisation was performed with Cy3-and Cy5-labelled cDNA, obtained from total RNA using the LabelStar Array Kit (Qiagen, Hilden, Germany). The dye-labelled cDNA from rust germlings was derived from RNA which had been pooled from three independent preparations of uredospores germinated for 4-6 h either on polyethylene sheets or submersed in water with stirring. Hybridisations were performed with three biological replicates of the infected leaf sample, and a dye swap was done in each experiment. The labelled probes were added to hybridisation buVer containing 5£ SSC, 1% bovine serum albumin, 0.1% sodium dodecyl sulfate, and 0.01% salmon sperm DNA. Hybridisation was conducted at 60°C overnight. After hybridisation, slides were washed for 5 min in 2£ SSC at 42°C, for 1 min in 0.2£ SSC, and for 5 s in 0.05£ SSC, both times at room temperature. Slides were dried by centrifugation (5 min, 200g), and scanned with a ScanArray 4000 Microarray Analysis System (PerkinElmer Life Sciences, Boston, USA) to visualise the hybridisation images.
Signal intensity and ratios were calculated using ScanArray Express 2.1 software (PerkinElmer Life Sciences, Boston, USA). In a Wrst step, cDNA spots with signals lower than the average background plus the double standard deviation of the background were excluded from further analysis. From the remainder, spots with signiWcant intensity values were selected by the SAM software (Stanford University, Stanford, USA), with a false discover rate (FDR) value of 0.0019. Expression ratios calculated as Cy5/Cy3 signals were normalised using the LOWESS (Locally Weighted Scatter Plot Smoother) method in the Array Informatics software package. The signiWcance of the expression ratios shown in Tables  1 and 2 was estimated using the SAM software, and found to be highly signiWcant (P < 0.01 in most cases).
RNA dot blot hybridisation experiments
Total RNA samples in concentrations of 0.3 and 1.0 g/ml were incubated at 65°C for 5 min, and spotted onto positively charged nylon membranes (Carl Roth GmbH, Karlsruhe, Germany). Radioactive hybridisation was carried out at 65°C, in a buVer system described by Church and Gilbert (1984) . As 32 P-labelled hybridisation probe, a 324 bp PCR fragment covering the 5.8S rRNA-encoding region of U. fabae was used.
Results
EST sequencing
A total of 1017 EST sequences with satisfying quality (sequence reads with less than 1% ambiguous base calls) were generated from a previously constructed haustoriumspeciWc cDNA library of the broad bean rust fungus U. fabae In Fig. 1 , a functional classiWcation of the contigs based on their sequence similarities to known genes (proteins) is shown. As expected, genes involved in various metabolic pathways are present in the haustorial cDNA library, with 
Glutamine: highest proportions of genes involved in energy production, metabolism, and protein synthesis. Interestingly, we found three ESTs encoding virus-like genes (see below). Because EST sequencing was performed with a non-ampliWed cDNA library, the frequency of occurrence of the ESTs was expected to provide a rough estimate of the abundance of the corresponding mRNAs in haustoria. As shown in Fig. 2 , 378 of the 530 contigs originated from unique ESTs (singletons), while 152 contigs were represented by more than one EST. Several of these contigs were found with unusually high frequency (up to 36 times, i.e., 3.5% of all ESTs). Among the 21 most highly represented contigs (>8 times), 14 corresponded to the in planta induced genes (PIGs) described in , namely: PIG1 (36x); PIG5 (24x); PIG3 (22x); PIG4, PIG15 (17x); PIG8, PIG22 (13x); PIG14, PIG18 (10x); PIG6, PIG7 (9x); PIG9, PIG11, PIG12 (8x). This supports our previous observation that a set of genes is induced in haustoria to very high levels.
IdentiWcation of plant virus-like sequences in the genome of U. fabae
Unexpectedly, three contigs were identiWed that encode virus-like proteins. Interestingly, all three contigs are similar to the same type of viral RNA replicase, as exempliWed by the 1648 amino acid cucumber green mottle virus RNA replicase (Fig. 3A) . Similar RNA replicases occur in various plant viruses that contain single-stranded (+) RNA genomes, such as tobamoviruses, bromoviruses, and closteroviruses. Several mycoviruses are known from fungi, but only one of them, Botrytis cinerea virus X (Accession No. AY055762), showed a low level of similarity to the two contigs Uf239 and Uf116. The partial open reading frames encoded by Uf239 and Uf116 show 35% identity to each other, while the similarities of these sequences to corresponding regions of plant virus replicases are around 30% (not shown). Uf128 showed similarity to a more 5Ј-located region of the same replicase genes. To check whether the viral-like ESTs are encoded in the U. fabae genome, total DNA from U. fabae was used as a template for ampliWcation of contig Uf239-speciWc sequences. No product was obtained (data not shown). To detect Uf239-speciWc RNA in U. fabae, RT-PCR experiments were performed, using either oligo(dT) or a Uf239-speciWc oligonucleotide as primers for reverse transcription. Uf239-speciWc sequences were detected in the RNA of germinated spores and rustinfected leaves but not in uninfected V. faba leaves ( Fig. 3B ; data not shown). When the U. fabae total DNA preparation was loaded on an agarose gel, we detected several bands in addition to the high molecular weight DNA, the most prominent band with an apparent molecular weight of 5 kb (Fig. 3C) . The bands resembled dsRNA known from other fungi, including rust fungi (Zhang et al., 1994) . This was conWrmed by treating a total nucleic acid preparation from U. fabae with varying concentrations of RNase A. It had previously been shown that dsRNA is less susceptible to degradation by RNase A than ssRNA (Khramtsov et al., 1997) . In fact, at a concentration of 1 g/ml RNase A, the bulk of RNA was degraded, while the 5 kb band was still present. At higher concentrations of RNase A, the 5 kb band also disappeared, conWrming that it represents dsRNA (Fig. 3D) . When the U. fabae DNA preparation containing the putative dsRNA was subjected to RT-PCR as described above, no Uf239-speciWc products were obtained (not shown). These data make it unlikely that the viral EST sequences are encoded in the dsRNA. In summary, these data indicate that U. fabae contains several virus-like RNAs.
Sequence polymorphism of cDNAs
Because haustoria are part of a dikaryotic mycelium, each individual gene is likely to be present in two allelic copies, each copy originating from another nucleus. The availability of redundant sequences in the haustorial cDNA polymorphisms. An example with a high number of polymorphic bases is PIG11 encoding a putative metallothionein; its 364 bp cDNA contained four bases which were diVerent in the two populations of the PIG11 EST sequences, as well as a cluster of four bases in the 3Ј-noncoding region which were missing in one of the PIG11 alleles. Amongst the eight available ESTs for PIG11, four belonged to each of the two polymorphic sequence types.
When the sequences of all contigs represented by at least four overlapping ESTs were screened for polymorphisms, taking into account only polymorphic sequence types supported by at least two ESTs, 66 nucleotide positions with sequence variations were identiWed within a total of 15,283 bp cDNA sequences (0.43%). When the cDNAs were divided into coding and non-coding regions, 15 polymorphic positions (0.17%) were found to be located within the coding regions (open reading frames of >300 bp), and 51 polymorphic positions (0.76%) in the non-coding regions. Although these numbers are derived from the analysis of single pass sequences which might include some sequence errors, the data nevertheless indicate the occurrence of sequence polymorphism. Until more sequence data are available, it is not possible to distinguish whether these polymorphisms are due to allelic variation or to the presence of gene families.
Microarray hybridisation
To analyse stage-speciWc gene expression, cDNAs representing 512 contigs were spotted as microarrays onto slides. Hybridisation was performed with Cy3-and Cy5-labelled cDNA probes, which had been synthesised from in vitro germinated uredospores (4-6 h old) and from rust-infected V. faba leaves prior to sporulation (6 d.p.i.), respectively. From all cDNAs spotted, 381 (69%) yielded signiWcant hybridisation signals which allowed the calculation of intensity ratios. For their interpretation, it has to be taken into account that RNA from rust-infected leaves contains a mixture of plant and fungal RNA. To estimate the fraction of rust RNA within the infected leaf RNA sample, we performed dot blot hybridisations using aliquots of the RNA samples which had been used as templates for the labelled cDNA probes used in the microarray hybridisation experiments. As hybridisation probe, a PCR fragment covering the 5.8S rRNA-encoding DNA from U. fabae was used. Control experiments conWrmed that the probe was speciWc for rust RNA and did not detect V. faba RNA. Quantitative evaluation of the hybridisation data revealed that the RNA samples from infected leaves contained between 40 and 50% of rust RNA (data not shown). Thus, the microarray hybridisation data shown represent a 2-to 2.5-fold underestimation of the expression levels in the parasitic mycelium.
In Fig. 4 , a scatter diagram illustrating the intensities and ratios of hybridisation of the spotted DNAs to the dyelabelled cDNAs from rust germlings and infected leaves is shown. Among the 381 cDNAs that yielded signiWcant expression data, 95 (25%) showed signiWcantly stronger signals (>3-fold; P < 0.05) with the probes derived from infected leaves than with the probes from germinated uredospores. If the threshold of induction was reduced to >1.5-fold (due to the reduced content of fungal mycelium in infected leaves, this would still mean at least threefold induction), even 180 (47%) cDNAs could be classiWed as being induced in the parasitic mycelium as compared to germinated spores. In contrast, only 16 (3.0%) of the cDNAs showed signiWcantly stronger expression in germinated spores.
Twenty-Wve genes showing the highest ratios of induction (biotrophic mycelium vs. germinated spores) are shown in Table 1 . Among these genes are 10 known in planta induced genes (PIGs), which had been identiWed on the basis of diVerential plaque hybridisation and Northern hybridisation experiments . To provide an estimate of the expression levels of these genes in the parasitic mycelium, their average microarray hybridisation signal intensity was compared to that of the -tubulin gene which had been shown to be constitutively expressed in diVerent stages of rust development (Wirsel et al., 2004) . A large proportion of the strongly induced genes was found to be highly expressed in the biotrophic mycelium, in particular PIG11, PIG13, and PIG5 (Table 1) . PIG11 and PIG13 are interesting because both genes are transcribed into mRNAs of approximately 0.4 kb, and both encode small cystein-rich peptides of 24 and 31 amino acids with similarities to metallothioneins Fig. 5) . When the frequency of occurrence of ESTs in .. (44)CARGCICKGGSDKCSCCP the haustorial cDNA library was compared with the microarray hybridisation signal intensities of the corresponding genes in the parasitic mycelium, similar, but not identical, gene expression patterns were obtained. For instance, PIG1, PIG3, PIG5, PIG6, PIG11, and PIG13 were among the most highly expressed genes in both cases, while PIG7, PIG14, and PIG15 appeared to be much highly expressed in haustoria than in the infected leaf tissue (not shown). For PIG7 and PIG15, a haustorium-speciWc expression has been recently conWrmed on the protein level by immunoXuorescence microscopy (Kemen et al., 2005) .
In Table 2 , hybridisation data for U. fabae cDNAs belonging to several major functional categories are summarised. Interestingly, a high proportion of genes that are involved in certain metabolic pathways show signiWcantly higher expression in the biotrophic mycelium than in germinated spores. For instance, 5 out of 10 genes involved in amino acid metabolism, 6 out of 8 genes involved in glycolysis, 16 out of 24 genes encoding ribosomal proteins and translational factors, and 10 out of 15 genes encoding proteins that could be involved in stress response and detoxiWcation are up-regulated by a factor of at least 1.5, without considering the reduced content of fungal RNA in the infected leaves. In contrast, genes belonging to other functional categories, such as nucleotide metabolism and respiration, are not stronger expressed (Table 2 ; data not shown). Thus, our data do not provide evidence for a general increase in gene expression in U. fabae when it enters the biotrophic growth phase.
Discussion
This manuscript extends the work by , describing the results of a systematic search for rust genes involved in pathogenesis. This search was based on: (i) the construction of a haustorium-speciWc cDNA library, (ii) the generation of EST sequences and analysis for their coding region by database searches, and (iii) the analysis of stage-speciWc gene expression during parasitic growth. In another study, in planta induced genes of P. triticina have been identiWed in a cDNA library from rust-infected leaves, which had been enriched for fungal genes by suppression subtractive hybridisation (Thara et al., 2003) . Among the 26 P. triticina genes that were found to be preferentially expressed within the plant, three were similar to PIG1, PIG4, and PIG28 of U. fabae. This indicates that in diVerent rust fungi, the pattern of gene expression in planta is similar at least in part.
Sequencing of 1017 ESTs revealed almost 50% redundant sequences, which allowed us to condense them into 530 contigs. The abundance of frequently occurring sequences in the haustorial cDNA library was used for an approximate estimate of their expression level in haustoria. Fourteen out of the 21 most highly represented contigs corresponded to PIGs described in . These data conWrm our previous observation that in haustoria, some of the most highly expressed genes are in planta induced . More than half of the 530 contigs did not show signiWcant similarity to known genes in the database. This observation is similar to results obtained in EST and complete genomic sequencing projects with other fungi. For instance, of 2676 ESTs clones sequenced from Blumeria graminis, 50% did not reveal signiWcant similarities to other genes (Thomas et al., 2001) ; of the 8177 unique sequences derived from a large scale EST analysis of Magnaporthe grisea, only 57% had counterparts in the genome of Neurospora crassa (Ebbole et al., 2004) .
In the EST library, three contigs were identiWed that encode proteins similar to viral RNA replicases. The highest similarities of these sequences were found with sequences from plant viruses; only low levels of similarity were observed to the B. cinerea virus X. However, the EST sequences clearly originated from U. fabae, because they were detected by RT-PCR in RNA from germlings and rust-infected leaves but not from non-infected V. faba leaves. According to the microarray data, they are expressed both during germination and in the biotrophic mycelium (Table 2) . In agreement to their similarity to RNA viruses, we failed to detect these sequences by PCR using genomic DNA of U. fabae as template. This indicates that they occur exclusively as RNA. The majority of fungal viruses (mycoviruses) described consist of dsRNA, such as the hypovirulence-inducing mycoviruses found in Cryphonectria parasitica and Fusarium graminearum (Chu et al., 2002; Dawe and Nuss, 2001) . Nevertheless, ssRNA mycoviruses have also been identiWed, such as the oyster mushroom virus Pleurotus ostreatus (Yu et al., 2003) and the two B. cinerea viruses X and F. In rust fungi, a variety of dsRNAs have been identiWed, e.g., in the line rust Melampsora lini, but only little sequence information is available (Zhang et al., 1994) . Because we were able to amplify the viral sequences from total rust RNA, but not from the dsRNAs observed in U. fabae, they are more likely derived from ssRNA. Taken together, our data indicate that U. fabae contains, in addition to several dsRNAs with unknown sequences, at least two novel (+) ssRNA mycoviruses which show low similarities to the B. cinerea viruses X and F. Because U. fabae race I 2 is fully virulent on its host plant, we conclude that the presence of these diVerent virus-like RNAs does not markedly aVect its pathogenicity. Electron microscopic studies with U. fabae race I 2 over the last 20 years did not reveal evidence for viruslike particles in the cells (K. Mendgen et al., unpublished observations) . It remains to be determined whether the viral RNAs in U. fabae are encapsidated.
With the EST clones, a comparative analysis of rust gene expression during germination and during parasitic growth in planta was performed by microarray hybridisation. For 69% of the clones, reproducible hybridisation data were obtained that allowed the calculation of relative ratios of gene expression in the two samples. Remarkably, 95 (25%) of the signiWcantly expressed genes showed at least threefold higher expression in the biotrophic mycelium than in germinated spores. If one considers the relative amount of fungal mRNA in infected leaves which was determined to be 40-50%, the number of in planta (>3-fold) induced fungal genes rose to 180 (47%). Although the clones were isolated from a haustorium-speciWc cDNA library and therefore are clearly enriched for in planta induced genes, these results illustrate that gene expression in U. fabae changes dramatically between germination and parasitic growth. Among the genes showing the strongest up-regulation in planta are several of the previously identiWed PIGs. Only three of the PIGs described in , namely PIG17, PIG18, and PIG23, were found to be not induced, while one (PIG10) was not detectable. Thus, the data obtained with blot hybridisations and those obtained with microarray hybridisation are similar. However, there was a signiWcant diVerence in the two studies because the PIGs were identiWed on the basis of their increased expression in haustoria as compared to in vitro grown hyphae (germlings and infection structures), whereas the microarray data compared the gene expression of the whole parasitic mycelium with that of germlings. This diVerence led to diVerent results in some cases, as illustrated by the example of PIG18/Uf008: Northern hybridisation data revealed a moderate expression of PIG18 mRNA in germ tubes, the strongest expression in haustoria, and a much lower expression in infected leaves ( Fig. 1 in . By microarray hybridisation, the mRNA levels of PIG18 were found to be 3.5-fold higher in germlings than in rust-infected leaves (Table 1) , which is in agreement with the Northern data. The gene encoding a putative amino acid transporter (PIG2/AAT2), which has previously been described to be speciWcally expressed in haustoria , also did not show clearly in planta induced expression in the microarray studies. This is most likely explained by the low level of expression of PIG2 in germ tubes (which was not detected by Northern analysis; and the lack of expression in the intercellular hyphae, which contribute a much greater biomass than haustoria to the total biotrophic mycelium. Other PIGs, such as PIG1 (THI1) and PIG28, have previously shown to be expressed probably in the whole parasitic mycelium, but not or only very weakly in germlings , and therefore exhibited high ratios of induction in the microarrays.
In addition to the previously identiWed PIGs, the microarray hybridisation data have revealed a large number of new rust genes with strongly induced expression in the parasitic mycelium. Of the 50 most strongly induced genes, 33 (66%) did not match any known genes in the databases, indicating that they might perform speciWc functions associated with biotrophic growth. It would be of eminent interest to disclose the function of these genes, in order to understand the molecular basis of rust parasitic growth. However, due to the lack of a stable transformation system, this goal will be diYcult to achieve.
When the EST clones were grouped into functional categories, several of these groups included a high proportion of genes that are up-regulated in the biotrophic mycelium. This is particularly evident for genes encoding ribosomal proteins. Therefore, rust hyphae seem to have a strongly increased translational activity during in planta growth, as compared to the germination stage. Similarly, genes encoding enzymes involved in glycolysis and amino acid metabolism, as well as thiamine biosynthesis (Sohn et al., 2000) are also more strongly expressed in planta. Whether or not this means a general up-regulation of these metabolic pathways cannot be answered until more comprehensive studies with more or even all genes are available. With regard to the genes involved in amino acid metabolism, those encoding pyrroline-5-carboxylate dehydrogenase (involved in glutamate biosynthesis) and glutamine synthetase indicate that the biosynthesis and interconversion of glutamate and glutamine, and the assimilation of ammonia are important processes during biotrophic growth. It has previously been shown that in U. fabae, at least three amino acid permeases are expressed in the biotrophic mycelium. While PIG2p (AAT2p) has an unknown substrate speciWcity , AAT1p (PIG27p) is speciWc for lysine and histidine (Struck et al., 2002) , and AAT3p is a broad speciWcity amino acid transporter (Struck et al., 2004) . Based on the gene expression data for these transporters, amino acid uptake seems to occur both via haustoria and via intercellular hyphae. Subsequently, amino acids probably need to be converted to fulWll the needs for fungal metabolism. Upregulation of a 4-aminobutyrate (GABA) aminotransferase has also been observed in the biotrophic fungus Cladosporium fulvum during infection (Solomon and Oliver, 2002) . Low but signiWcant concentrations of GABA have been detected in the apoplast of rust-infected broad bean leaves (Struck et al., 2004) . As it has been proposed for C. fulvum, GABA might be a signiWcant nitrogen source for biotrophic fungi in general. Taken together, the strong expression changes of genes involved in metabolism are probably a consequence of the fundamentally diVerent nutritional conditions of germinated spores and the parasitic mycelium. In the former stage, the fungus lives exclusively at the expense of the nutrient stores of the uredospores, and these limited resources need to be used as economically as possible. This could explain the relatively low levels of expression of ribosomal proteins; possibly, translation in germinated spores occurs mostly with preformed ribosomes. On the other hand, the biotrophic mycelium receives supply of a variety of host-derived assimilates, including sugars and amino acids, which are used for proliferative growth and later for sporulation. In this stage, a large proportion of hexoses which have been taken up mainly by haustoria via the HXT1p hexose transporter (Voegele et al., 2001) seem to be broken down primarily via the EmdenMeyerhof pathway, to feed energy production. However, a signiWcant portion of the sugars are converted into polyols such as mannitol and arabitol (see below).
Among the newly discovered genes that are strongly upregulated during parasitic growth, several genes seem to encode proteins involved in stress response Amongst them, PIG11 and PIG13 which encode putative metallothioneins belonging to the three most strongly expressed genes in the parasitic mycelium (data not shown). Metallothioneins have been implicated in various physiological processes, such as binding and detoxiWcation of metals and scavenging of oxygen radicals (Coyle et al., 2002) . In M. grisea, metallothioneins are highly expressed in all stages of development, and metallothionein 1 (NMT1) was found to be essential for appressorium-mediated penetration of intact leaf surfaces, but not the later stages of pathogenesis (Tucker et al., 2004) . Other genes that are predominantly expressed in the biotrophic mycelium might be involved in detoxiWcation of reactive oxygen species, namely a manganese superoxide dismutase and three peroxidases. A Cu-Zn-superoxide dismutase has been described recently to be induced and possibly be involved in antioxidative defense during symbiotic growth in the endomycorrhizal fungus Gigaspora margarita (Lanfranco et al., 2005) . A possible role in anti-oxidative defense has also been implicated for two enzymes involved in polyol metabolism, namely mannitol dehydrogenase 1 (MDH1p) and arabitol dehydrogenase 1 (ARD1p). Mannitol and arabitol are produced by the parasitic mycelium and released into the apoplast, where they might detoxify reactive oxygen radicals from the host plant .
In contrast to the large number of genes that are up-regulated during parasitic growth, we identiWed only 16 genes that are at least Wvefold (or two-to threefold, when considering the reduced amount of fungal RNA in the infected leaves sample) higher expressed in germlings than in infected leaves. While the function of most of these genes is unknown, PMA1 has been previously shown to encode a plasma membrane H + ATPase (Struck et al., 1998) . Interestingly, the enzyme was found to be signiWcantly more active in membranes isolated from haustoria compared to membranes from germlings (Struck et al., 1996) . However, in agreement to the microarray data, Northern blot hybridisation experiments revealed that the PMA1-encoding gene was more strongly expressed in germ tubes and in vitro grown rust hyphae than in haustoria and rust-infected leaves (Struck et al., 1998) .
The work described in this paper has been done with approximately 5% of all genes from U. fabae only, based on the predicted number of approximately 10,000 genes in the completely sequenced genomes of Wlamentous fungi (Dean et al., 2005) . Nevertheless, our data indicate that a considerable reprogramming of gene expression occurs in rust fungi between early stages of development and the parasitic growth phase. Recently, a detailed microarray expression analysis with ESTs from the barley powdery mildew Erysiphe graminis f.sp. tritici has been published. Similar to our work, it revealed a stage-speciWc gene expression proWle indicating a coordinate regulation of genes encoding enzymes involved in similar metabolic pathways (Both et al., 2005) . It is a great challenge to uncover the function of the gene products that are speciWcally expressed in planta, in particular those proteins that are secreted into the host-parasite interface and which might be important for the establishment and maintenance of the biotrophic interaction.
